This work presents a comparative study of the electrophysiological properties of the peptidergic neurons in crayfish Procambarus clarkii and Cherax quadricarinatus. Recordings were made in order to determine the linear and non-linear properties of electrical activity in these neurons. Charge curves were obtained in order to carry out measurements of the input resistance and the determination of the electrotonic length as part of the linear properties of these cells. Different recordings of the action potentials and the ionic currents are presented as part of their non-linear properties. The electrotonic length in P. clarkii was 0.8253 6 0.1311 and 1.7616 6 0.4726 in C. quadricarinatus. The input resistance in P. clarkii was 92.4 6 23.2 M and 56.46 6 17.2 M in C. quadricarinatus. Silent neurons were recorded (53% in P. clarkii and 60 % in C. quadricarinatus) as well as tonic neurons (35% and 28% in each species respectively) and neurons responding with action potential bursts (12% for both species). We found potassium currents in both species that differ mostly in magnitude. Finally, we discuss the differences that were found in the electrical properties of the neurosecretory cells in crustaceans.
INTRODUCTION
Neurosecretory systems are constituted by a set of peptidergic neurons, whose axons arrive at an organized terminal structure that is called the neurohemal organ; at this site the neural terminations release the secreted substances into the circulation. The peptidergic neurons are similar to other neurons with regard to their morphological appearance and electrical activity patterns (Nagano and Cooke, 1987) . Neurotransmitter-releasing neurons synthesize and recycle these products at the presynaptic terminal of the axon (Andrew and Dudek, 1984; Chiang and Steel, 1985) , while the peptidergic neurons synthesize the peptides in the soma, package them in granules and transport them to their release sites (Andrew et al., 1978; Nagano, 1986) . The most important neurosecretory system in vertebrates is the hypophysishypothalamus axis (Kandel, 1997) . In insects there exists an equivalent system in the corpus cardiacum. In crustaceans, the equivalent system is the X-organ-sinus gland complex (Hanström, 1939) . These three systems are morphologically and functionally equivalent, because in all three there is a set of neurons whose function is not to carry out synaptic contacts with other neurons, but to synthesize neuropeptides that are released into the bloodstream in order to produce their hormonal actions. The X-organ-sinus gland complex in crustaceans has been frequently used to carry out studies of neurosecretory activity. This system contains between 100 and 150 neurons that are located in the terminal medulla of the eyestalk. The cells' axons run distally and terminate in the sinus gland (Andrew et al., 1978; Hanström, 1939; Iwasaki and Satow, 1971; Jarös, 1978) (Fig. 1A) . Each soma has a myelin-free axon that sends collateral axon connections to the terminal medulla neuropile; the main axons form the OX-GS tract which ascends following the axis of the eyestalk reaching the level of the second chiasm, between the internal and external medullae. The group of terminals and capillaries at this level make up the neurohemal organ known as the sinus gland (Hanström, 1939; Safronov et al., 2000) .
In neurons, one of the most important electrical properties is the electrotonic length, which is a measure of the decrease of the synaptic potential along the length of a neuron (Alvarado et al., 1993; Rall, 1969) . The understanding of this electrical property is critical for the comprehensive description of neural function. Some formulas that have been used for the estimation of the electrotonic length in a neuron have been based on the equivalent cylinder model (Holmes et al., 1992; Rall, 1969; Rall, 1977) although other formulas have been published for neurons that have a morphology ill suited for this model (Durand, 1984; Holmes and Rall, 1992) . Still other formulas have been published for narrow dendrites and for one or more cylinders with a soma. However, the dendritic trees of some neurons are too complex to be reduced to simple structures. For these neurons, a different approach must be followed for the estimation of their electrotonic structure (Holmes and Rall, 1992b; Major et al., 1993; Poznanski and Bell, 2000) . For a simple cylinder only five parameters are necessary, but in the case of complex structures the number of parameters increases significantly. In the simplest case which is shown in figure  1B , where the neuron can be represented as a cylinder which is sealed at the ends, the electrotonic structure is completely specified by the values of the membrane resistivity r m , membrane capacitance c m , intracellular resistivity r i , length l and diameter of the cylinder 2a. If a soma is added, two extra parameters must be specified: the area of the soma and the resistivity of the soma membrane. Other studies have evaluated and compared these models with experimental data from motoneurons, hippocampal pyramidal neurons and cochlear cells (Scott, 2002) . In this work, we employ one of these models as well as the charge curves that are obtained from secreting neurons to estimate the electrotonic length L.
It is known that the release of neurosecretory products is related to the temporal distribution of the action potentials in secreting neurons (Aréchiga et al., 1977; Blundon et al., 1993) . It has also been suggested that bursting activity is more effective for the release of hypothalamic neuropeptides (Aréchiga et al., 1977; Cooke and Stuenkel, 1985) . The peptide liberation in these terminals is Ca þþ dependent ( Alvarado-Á lvarez et al., 2000) .
Some authors have proposed that the electrical activity in these neurons is generated at the initial axon segment and that this spike generating site is a common characteristic in crustacean neurons (Iwasaki and Satow, 1971; Onetti et al., 1991) . In axotomized crayfish neurons, two voltage dependent potassium currents have been demonstrated, which have also been described for crab cardiac cells (Duan and Cooke, 1999) . Their characteristics correspond to the current of a delayed rectifier I K(DR) and the transient current I A and have also been described in other excitable membranes. The delayed rectifier current I K is similar to that described by Hodgkin and Huxley (Hodgkin and Huxley, 1952) and is sensitive to high tetraethylammonium (TEA) concentrations (Jiang and Haddad, 1997) . Transient current I A is activated between the first 5 to 10 milliseconds; it is inactivated with a time constant of 20 to 30 ms and can be separated from I K by subtraction. Current I A is insensitive to TEA but is blocked by 4-aminopyridine (Hille, 1992) . This current participates in the repolarization spikes and contributes to the resting potential of the neuron.
We intend to compare the electrophysiological variables and the electrotonic structure of the X-organ neurons in Procambarus clarkii (Girard, 1852) and Cherax quadricarinatus (von Martens, 1868) in order to determine whether the linear (input resistance and electrotonic length) and non linear properties (electrical activity patterns and ionic currents) are characteristic in this crustacean neuroendocrine system.
MATERIALS AND METHODS

Biological Preparation
The experiments were carried out on adult male crayfish of the species P. clarkii and C. quadricarinatus. C. quadricarinatus were obtained from the aquacultural station ''El Compartidor'' at El Higuerón, Morelos, México and were maintained at 288C (Meade and Watts, 2001) at the installations of the Planta Experimental de Producción Acuícula (Aquacultural production plant) at the Universidad Autónoma Metropolitana-Iztapalapa (Rodríguez- Fig. 1 . Schematic representation of a cross-section of the eyestalk of the crayfish. A, LG lamina ganglionaris, ME medulla externa, MI medulla interna, SG sinus gland, MT medulla terminalis, XO X-organ; B, Schematic representation of the passive properties of the membrane, where r m is the resistance of the membrane, c m is the capacitance of the membrane, r i intracellular resistance, r o extracellular resistance, the length l and a is the diameter of the neuron. Illustration of the eyestalk of the crayfish P. clarkii (C) and C. quadricarinatus (D). Note the comparative difference in the size of the sinus gland. Canto et al., 2002) . P. clarkii were obtained from a commercial provider. All the animals were in their intermolt period at the time of the experiments. Experiments were carried out on P. clarkii in order to reproduce data in the literature and to establish a baseline for all of the experiments described. Only the right eyestalk was used in order to have more control over the experimental conditions (Charmantier et al., 1997; Chiang and Steel, 1985; Huberman et al., 1993; Meade and Watts, 2001) . These species show some of the differences between the eyestalks (Fig. 1C, D) . The eyestalk was isolated and the exoskeleton was removed. The superficial connective tissue layer and the muscles were removed by microdisection. The terminal medulla, the X-organ and the sinus gland can be seen using a dissecting microscope. The connective tissue layer that envelops the X-organ was removed and the neuronal somas were uncovered. In C. quadricarinatus, this connective tissue layer is larger than that of P. clarkii.
The experiments were carried out in superficial neurons of the X-organ. The eyestalk was placed in the central compartment of a three pool chamber containing normal solution (Greenaway and Lawson, 1982; van Harreveld, 1936) . The three pools are interconnected and the solution flows at a rate of 1 ml/min, using a continuous perfusion system. The preparation is left in perfusion for 30 minutes before beginning the recording. All the experiments were carried out at room temperature (; 228C)
Solutions
The composition of the normal extracellular solution used was: NaCl 198 mM, KCl 5.4 mM, CaCl 2 13.5 mM, MgCl 2 2.6 mM and HEPES 10 mM (Greenaway, 1982; VanHarreveld, 1936) . The pH was adjusted to 7.4 using NaOH. In tetrodotoxin (TTX) experiments, 0.5 lM TTX was added to the above solution. In voltage clamp experiments, the intracellular solution contained: KCl 217 mM, CaCl 2 0.25 mM, MgCl 2 2 mM, EGTA 5 mM and HEPES 10 mM. The pH was adjusted to 7.2 using KOH.
Stimulation and Acquisition System
A single electrode system Dagan 0100-1 (Dagan Corporation) was employed to measure the membrane potential and to inject current; the stimulation pulses were generated by an in-house system (SEASEC, UAM-I) (Velasco et al., 2004 ) using a PCI-MIO-16E-1 (National Instruments) card and applied through the single electrode system. The membrane potential was amplified through the same system and later digitized with the National Instruments card at a 20 KHz sampling rate. The membrane potentials were displayed and stored in a PC using the same software. Before recording the potentials, the bridge balance was carried out, which consists of eliminating the voltage generated by the electrode. This balance is critical because the correct measurement of the transmembrane potential depends on correction. The capacitive current also was compensated. The measurement of the ionic currents was carried out with an AxoPatch (Axon Instruments), a Digidata Converter card (Axon Instruments) and the pClamp (Axon Instruments) program to generate the stimulation protocols. Prior to potential measurements, the leak and capacitive currents as well as the series resistance were compensated using the same AxoPatch system.
Pipettes
The intracellular recording pipettes were constructed from borosilicate capillaries IB100F-3OD/ID 1.0/0.58 mm (World Precision Instruments Inc.), using a horizontal puller P-97 Flaming/Brown (Sutter Instruments Co). Pipette resistance was between 40 and 60 M. Pipettes were filled with KCl 3M. The pipettes for the voltage clamp were constructed from borosilicate capillaries 1B150F-3 OD/ID 1.5/0.84 mm (WPI) formed with a horizontal puller, as in the case of the intracellular recordings, in order to have a resistance of 1 to 2 M. The voltage clamp pipettes were filled with a low Ca þþ intracellular solution.
Analysis
The analysis of electrical activity patterns, ionic currents, charge curves as well as the obtention of all the voltage-current and conductance curves was carried out using the Clampfit program (Axon Instruments).
RESULTS Control experiments were carried out in both species using the intracellular recording technique. These experiments consisted of the recording of the electrical activity in intact, as well as in axotomized neurons and in the presence of a sodium channel blocker (TTX).
The results are shown in Figure 2 . In the upper section ( Fig. 2A ) the recordings from P. clarkii are shown, while those from C. quadricarinatus are shown below (Fig. 2B ). The first column shows the control experiment using normal extracellular solution and the electrical activity in response to the application of a current stimulus. The second column shows the effect of a distal axotomy on the action potentials, while the last column shows the effect of TTX over the action potentials. These experiments allowed us to verify that in both species the superficial layer neurons respond to current pulses by generating action potentials. When a distal axotomy is carried out only the first spike is generated, which happens as well as when TTX is added to the extracellular solution.
Electrotonic Structure in Crayfish P. clarkii and C. quadricarinatus Normally only the first two terms s 0 and s 1 are important for the interpretation of the experimental results (Rall, 1977; Rall, 1993) . Figures 3A and 3B show a typical protocol for the recording of electrical activity of silent neurons in P. clarkii and C. quadricarinatus. When depolarizing current pulses are applied, the neurons respond with action potentials. When a small hyperpolarizing current is applied the response of the neurons corresponds exclusively to the linear properties due to the fact that under these conditions the presence of active conductances is avoided (Cooke and Stuenkel, 1985) . By using these protocols we can calculate the input resistance when reading the linear part of the voltages responding to the constant current pulses. In order to obtain the charge curves the transient part of the voltage recordings are used. When a À0.1 nA current is employed the charge curves are obtained (Fig. 3C, D) . The points correspond to the experimental data and the continuous line behaves as predicted by equation 1.
For a cylinder, sealed at both ends and an electrotonic length L ¼ l/k where k is the space constant defined as
the time constants are given by
so, in terms of the experimental data that correspond to the fit (Fig. 3 ) the electrotonic length can be estimated by the expression:
This expression establishes the relationship between equations 2 and 4, that involves experimental measurements together with the mathematical model that defines the electrotonic length. These expressions are derived in the appendix. Table 1 shows the values obtained for s 0 and s 1 when a fitting is carried out with the experimental data. The electrotonic length was calculated from these values.
Recordings from P. clarkii
The electrical activity patterns from the soma were obtained using the intracellular recording technique, which were similar to those described previously. In this case only right eyestalks were used. Different activity patterns have been described for P. clarkii: neurons that respond to a current stimulus and spontaneously firing neurons.
Neurons that respond to a current stimulus known as silent cells produce action potentials as a response to an applied current (Fig. 4A) . The resting potential was À64 6 8 mV and the input resistance was 92.4 6 23.2 M (n ¼ 34).
Spontaneously firing neurons (tonically active) were also recorded (n ¼ 24) (Fig. 4B) as well as neurons firing in action potential bursts (n ¼ 6). Three different types have been reported for this family of cells (Onetti et al., 1991) . We recorded two types of bursting activity: action potential bursts that return to the resting potential (Fig. 4C ) and bursts that are mounted on a voltage plateau (Fig. 4D) .
Recordings from C. quadricarinatus
The neurons that were used in this study are those from the most superficial layer of the eyestalk and whose somas were visible under the microscope. In the somas that are not visible beyond this superficial layer several recordings were carried out, but they did not present any action potentials, spontaneous or induced, which is in agreement to reports published by other authors in P. clarkii (Onetti et al., 1991) .
Silent neurons.-About 60% of the recorded neurons were silent neurons (n¼121) with a resting potential ofÀ62 6 9 mV and an input resistance of 56.46 6 17.2 M and a voltage threshold for action potentials of À33 6 13 mV. When these neurons are depolarized with a current pulse injection, they respond with a sustained pulse train of action potentials (Fig. 5A) . The amplitude of these action potentials was 52 6 10 mV. The firing frequency depends on the depolarization level. The frequency increases with the depolarization provoked by the current injection.
Tonic neurons.-A group of cells (28%) presented tonic activity. This is spontaneous electrical activity (Fig. 5B) . These neurons presented spontaneous action potentials during the whole experiment with variations in the firing frequency. In this case, the resting potential was À45 6 3.8 mV and the input resistance was 25 6 3.5 M. The amplitude of the action potentials was 38.85 6 8.2 mV. These neurons are able to fire action potentials for up to an hour (maximum recoding time). The discharge frequency of the action potentials was ; 0.4Hz.
Neurons that present action potential bursts.-A small number of neurons (n ¼ 24) presented two types of bursting activity. In the first (Fig. 5C ), bursting electrical activity in spontaneously generated over the resting potential. In this case, the bursts present 10-12 action potentials during a 400 ms period, with a frequency between bursts of 1 Hz approximately. Some 7% of the neurons showed this type of electrical activity. Other neurons (Fig. 5D ) (5%) presented bursts on a 15 mV plateau over the resting potential. The bursts' duration was ; 2 seconds. Table 2 shows the electrical activity patterns that were found for these crayfish. Using the intracellular recording techniques we were able to measure the input resistance and the resting potential, which are important properties of these neurons.
Ionic Currents
Using the voltage clamp techniques the voltage activated potassium currents were obtained in both species (Figs. 6 and 7). The same scale has been used in order to compare the differences in magnitude in these currents.
Delayed rectifying potassium current I K .-We obtained (Fig. 6A ) a potassium current that is similar to that of the delayed rectifier I K , recorded in the X-organ of P. clarkii (n ¼ 4). With the I-V curve (Fig. 6B) it can be seen that this current activates at À35 mV, as it has been reported by other groups (Alvarado et al., 1993; Onetti et al., 1991) . The voltage activated potassium current (Fig. 6C ) in the neurons of the X-organ of C. quadricarinatus (n ¼ 18) activates at À35 mV and its characteristics are similar to the delayed rectifier, I K , but with a lower magnitude. Figure 6D presents the corresponding I-V curve.
Transient potassium current I A .-A second outward potassium current has been reported in P. clarkii (Onetti et al., 1991) . The transient current (Fig. 7A ) that is activated from a holding potential of Vh ¼ À80 mV is similar to I A (Hille, Fig. 3 . A, typical protocol for registering potential obtained in a silent neuron of the X-organ in P. clarkii. B, typical protocol for registering potential obtained in a silent neuron of the X-organ in C. quadricarinatus. C, charge curve and fit for recording in Procambarus clarkii. D, charge curve and fit for recording in C. quadricarinatus.
1992; Johnston and Wu, 1997) . This transient current is obtained by subtracting the current generated by stimulating the neuron from a holding potential Vh ¼ À80 mV, from current obtained by stimulating the same neuron from a holding potential Vh ¼ À60 mV.
The transient voltage-activated potassium current (Fig.  7C ) of the X-organ of C. quadricarinatus is obtained by subtraction as in the preceding case.
The K þ currents of the delayed rectifier I K and the transient current I A were lower in magnitude in C. quadricarinatus with respect to those in P. clarkii; the differences between species can be up to an order of magnitude. The voltage-dependent potassium currents in C. quadricarinatus behave similarly to I K and I A recorded from P. clarkii, although in the case of the transient current from C. quadricarinatus the kinetics are different. The behavior of these currents can be summed up in the currentvoltage curves (Figs. 6B, 6D , 7B, and 7D), which show the voltage dependence of the channels generating this current.
When the currents are normalized (I m /I mmax are plotted vs V m ), we can appreciate the differences of the activation voltages in more detail (Fig. 6B and 6D ). We can see that the I-V curve for I K behaves similarly in both species, but that the activation voltage is lower for the current recorded from C. quadricarinatus. In the curves I-V for I A a similar pattern is observed in both I-V curves ( Fig. 7B and 7D ). In this case the activation voltage is also lower for the current recorded from C. quadricarinatus. When the currents are normalized, the I-V curve for C. quadricarinatus crosses the P. clarkii curve at À20 mV and stays at a lower level until it reaches its maximum value.
Conductance Curves
Conductance is a measure of the number of open channels (Hille, 1992; Hodgkin and Huxley, 1952) . Potassium conductance is obtained from the following expression: Fig. 4 . A, electrical activity of a silent neuron in response to a current stimulus of 0.5 nA amplitude and 200 ms of duration; during the depolarizing current injection were presented action potentials, which increase in number as increases the intensity of the stimulus. B, electrical activity of a neuron featuring spontaneous action potentials. C, electrical activity in bursts. D, electrical activity in bursts on a plateau of 10 mV. All recordings shown were made in P. clarkii.
where I K is the recorded potassium current, V m is the membrane potential and V K is the equilibrium potential for potassium. Changes in g K during the voltage pulses are calculated by the expression in equation 5. The conductance graphs for I K recorded from neurons in the X-organ of P. clarkii and C. quadricarinatus. (Fig. 8A) were plotted with continuous traces that represent the changes in conductance, adjusted to experimental data, using a Boltzmann equation (Hille, 1992; Johnston and Wu, 1997) with the form:
where g(V m ) is the conductance as a function of the membrane voltage, g min and g max are the minimum and maximum value of the experimental data respectively, V 50 is the voltage level at which a 50% difference is obtained (g max À g min ) and p is the slope. The conductance graphs for I A recorded from neurons in the X-organ of P. clarkii and C. quadricarinatus. (Fig. 8B) were plotted with the continuous traces that represent the changes in conductance, adjusted to experimental data, using a Boltzmann equation. Inset in Figures 8A and 8B , the values of the parameters for Fig. 5 . A, electrical activity of a silent neuron in response to a current stimulus of 0.5 nA amplitude and 200 ms of duration; during the depolarizing current injection were presented action potentials, which increase in number as increases the intensity of the stimulus. B, electrical activity of a neuron featuring spontaneous action potentials. C, electrical activity in bursts. D, electrical activity in bursts on a plateau of 10 mV. All recordings shown were made in C. quadricarinatus. this equation are shown. The normalized conductance curves (g/g max ) corresponds to I K and I A were plotted ( Fig. 8C and 8D ) in order to compare the behavior of the channels as a function of the membrane potential.
DISCUSSION
Electrophysiological studies have been carried out in crabs (McNicholas et al., 1994; Näsel, 1996) and in P. clarkii crayfish (García and Aréchiga, 1997; García and Aréchiga, 1998; Onetti et al., 1991) . Biochemical studies have been done in P. clarkii, Procambarus bouvieri (Ortmann, 1909) and Orconectes limosus (Rafinesque, 1817) (Aguilar et al., 1995; Aguilar-Gaytán et al., 1997) , in order to determine if a characteristic behavior of the XO-SG system exists. Because of this it is important to carry out a comparative study of the electrical activity of the neurons of the X-organ in different species, to determine if its behavior is specific to each species or if there is a general behavior in this neurosecretory system.
Determination of the Electrotonic Length
The formulas for the estimation of electrotonic length have been applied to different types of neurons. However, these formulas are valid only for those neurons that can be approximated by an equivalent cylinder with a uniform membrane resistivity (Evans et al., 1992; Poznanski and Bell, 2000) . In the case of peptidergic neurons this simplification is possible due to the cells' morphology and thus valid results can be obtained from the experimental data. Fig. 6 . Potassium current similar to that of delayed rectifier I K , registered in neurons of the X-organ of P. clarkia (A) and its I-V curve (B). Potassium current similar to that of delayed rectifier I K , registered in neurons of the X-organ of C. quadricarinatus (C) and its I-V curve (D). These records were obtained using Vh ¼ À60 mV. The electrotonic length L estimates the (electrical) distance from the synaptic inputs with respect to the soma (Vetter et al., 2001) . Low L values indicate that the synaptic input is closer to the soma, and this measure is determined by the specific membrane resistance R e (Holmes and Rall, 1992; Holmes and Rall, 1992b ). This resistance is provided by open ionic channels at rest. Table 2 shows our experimental results, where we can observe that the input resistances and electrotonic lengths in peptidergic neurons from P. clarkii and C. quadricarinatus are statistically different (P , 0.001). The electrotonic length is greater in C. quadricarinatus neurons, while the input resistance is higher in P. clarkii. If we associate the input resistance with the membrane resistance R m , our results coincide with the results of equation 2, and the definition of electrotonic length in terms of the space constant k. The statistical analysis of the resting potential shows no significant difference (P ¼ 0.2006) between the two species.
Electrical Activity Patterns
The study of the neurosecretory activity has been carried out in the X-organ -sinus gland complex in crustaceans because it is a simple system that represents the behavior of more complex neurosecretory systems. The electrical activity patterns found in C. quadricarinatus are similar to those reported for P. clarkii. In C. quadricarinatus the distribution of silent, tonic and bursting action potential neurons was 60%, 28% and 12% respectively, which is similar to the results reported for P. clarkii (53%, 35% and 12%). In C. quadricarinatus we only found two types of bursting action potential, compared with the three types that have been reported for P. clarkii (Onetti et al., 1991) . This may be because we used only the right eyestalk in our study. In silent neurons in C. quadricarinatus, the resting potential Vr is not statistically different from that reported for P. clarkii, but the input resistance is significantly lower (P , 0.001). It is possible that there exists a greater ionic conductance in C. quadricarinatus in voltages near to the resting potential. This difference in R e requires further study with the use of voltage clamp techniques in order to determine the ionic origin of this greater conductance. In C. quadricarinatus neurons that present bursting activity that is mounted on a plateau, no diminution of the potential amplitudes was found, which is different from the recordings observed in P. clarkii (Onetti et al., 1991) . Table 2 summarizes this information.
Analysis of Ionic Currents
When we first started to record the ionic currents in C. quadricarinatus we found that the current amplitudes in this species were up to an order of magnitude lower than those recorded in P. clarkii. The lower amplitude of K þ currents in C. quadricarinatus suggested a higher input resistance in these neurons, which would compensate for the lower current density of K þ . However, this was not the case. Since both species present similar electrical activities and the input resistance is not greater in C. quadricarinatus, then the current densities should be similar in both species. This contradiction with experimental results can be explained by the rundown phenomenon (Alvarez et al., 2002; Korn and Horn, 1989) . This reduction has been reported for Ca þþ currents (Blundon et al., 1993; Sansom et al., 1997) , as well as in K þ currents that are activated at hyperpolarizing potentials (McNicholas et al., 1994; Sansom et al., 1997; Tang and Hoshi, 1999) . When the whole cell voltage clamp technique is employed, dialyzing towards the cytoplasm, some channels can be recorded for a few minutes only (Hille, 1992; Hoshi, 1971) before the currents disappear. These currents that have been recorded in C. quadricarinatus suggest that small molecules and even some important macromolecules that are important for the modulation or maintaining of working channels escape from the cytoplasm (Alvarez, 2002; Hille, 1992; McNicholas, 1994) . The differences in magnitudes of the ionic currents that have been recorded in both species suggest that the molecules that act as regulatory mechanisms are different in both species.
In conclusion, we have determined the electrotonic structure and the input resistance (linear properties) of peptidergic neurons in two species of crustaceans. Some differences were found in the electroronic length, which is in agreement with the differences in electrical activity that have been reported for these species (Á vila-Pozos et al., 2004) . Future work will study whether the differences in electrotonic length are related to the synthesis and release of neuropeptides. It will also be necessary to evaluate the behavior of the electrotonic length using the equivalent model of a cylinder with soma, which better resembles the neurons' morphology in the X-organ. The electrical activity patterns that were found were similar to those described for the somas of the X-organ in P. clarkii. Voltage dependent potassium currents were recorded, which have important differences in magnitude. It is important to explore the electrophysiological and biophysical properties (non linear properties) in the neurons of the X-organ of C. quadricarinatus as well as to analyze the differences between left and right eyestalks. In addition, it will be necessary to contrast our results with those reported in other species in order to establish generalizations on the electrical activity of this neurosecretory system. 
APPENDIX
The partial differential equation that describes distribution of membrane potential passive one nerve cell morphology which is like the one shown in Figure 2 , is given by cable equation (Rall, 1969) , and expressed as follows:
with V ¼ V (X, T) and the following boundary conditions 
This condition is satisfied when k ¼ 0, and also for values of k such that kL is a multiple of p. Therefore, we have a lot of roots to the equation 12, as we represent as and therefore
and this is the equation that we use to calculate the electrotonic length from experimental data. Since the equation 7 is a linear equation, any combination of the n various solutions, it is also a solution of equation 7, so we can do VðX; TÞ ¼ X '
n¼0
B n cos npX L 3 expðÀð1 þ ðnp=LÞ 2 ÞTÞ ð20Þ
By using the condition 10, we obtain the following expression
we get the B n values of the constants, which are defined as Fourier coefficients of the form 
